Hemodynamic conditions at the carotid bifurcation during protective common carotid occlusion  by Ouriel, Kenneth et al.
procedure, at a time when the percutaneous or direct
access to the carotid bifurcation exists. This observation
underlies the development of a wide variety of “protection
devices” aimed at preventing embolization of platelet and
atheromatous debris into the distal cerebral and retinal
arterial bed during carotid artery stenting procedures.2,4-6
Whereas several of the devices rely on placement of
occluding balloons or filters in the distal internal carotid
artery (ICA), others use a proximal balloon to arrest
inflow through the common carotid artery (CCA).7
Proximal common carotid occlusion relies on the absence
of antegrade ICA flow to prevent distal embolization.
However, the low resistance of the internal carotid out-
flow bed or inadequate collateralization at the circle of
Willis may encourage persistent antegrade flow from the
external carotid artery (ECA) and its branches. Whether
animal models can be used to predict the flow dynamics
Carotid artery procedures, whether percutaneous or
open surgical, carry an obligatory risk of distal emboliza-
tion to the intracranial cerebrovasculature.1-3 Distal
embolization after conclusion of the procedure is difficult
to prevent; strategies have focused on the systemic inhibi-
tion of platelets with aspirin, clopidogrel, dextran, heparin,
and the glycoprotein IIb/IIIa antagonists. By contrast,
the majority of embolic events appear to occur during the
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CLINICAL RESEARCH STUDIES
Hemodynamic conditions at the carotid
bifurcation during protective common carotid
occlusion
Kenneth Ouriel, MD, Roy K. Greenberg, MD, and Timur P. Sarac, MD, Cleveland, Ohio
Objectives: Carotid angioplasty and stenting procedures are associated with an obligatory release of particulate debris
into the distal cerebral circulation. Although most of the emboli are small and do not result in symptomatic neurologic
deficits, some may be large enough to cause stroke. For this reason, a variety of filters and balloon occlusion devices
have been employed as adjuvants to decrease the risk of distal embolization during carotid stenting. Some of these
devices rely on the arrest of antegrade blood flow with the use of inflow arrest. The present study was undertaken to
investigate the hemodynamic conditions that exist at the carotid bifurcation during common carotid artery (CCA)
occlusion.
Methods. Internal carotid artery (ICA) and external carotid artery (ECA) stump pressures were measured in 29 patients
undergoing carotid endarterectomy. Duplex ultrasound scanning was used to measure the direction and velocity of
blood flow in the ICA and ECA with the CCA cross-clamped but the ICA and ECA open, a clinical scenario analogous
to CCA balloon occlusion at the time of carotid angioplasty and stenting. The direction and magnitude of ICA and
ECA flow were compared with the stump pressures to determine whether a correlation existed between these variables.
Results: The mean stump pressure in the ICA and ECA averaged 56 ± 16 and 53 ± 12 mm Hg, respectively. The ICA
systolic stump pressure was lower than the ECA systolic stump pressure in six patients (21%), and all of these patients
had persistent antegrade systolic duplex blood flow by duplex interrogation during CCA occlusion. The ICA systolic
stump pressure exceeded the ECA systolic stump pressure in 19 patients (66%), and all of these patients had retrograde
ICA flow during systole. Diastolic flow was also well correlated with the magnitude of the ICA/ECA stump pressure
differential, with antegrade diastolic ICA blood flow in all nine patients with an ICA diastolic stump pressure less than
the ECA diastolic stump pressure. None of the 10 patients with ICA diastolic stump pressure greater than ICA dia-
stolic stump pressure maintained antegrade ICA diastolic flow, but four of these patients had flow to zero in diastole.
Overall, 13 of 29 patients (45%) could be surmised to be at risk for distal embolization to the brain based on the per-
sistence of some element of either systolic or diastolic antegrade ICA flow during common carotid occlusion.
Conclusions: Common carotid occlusion alone appears insufficient to protect against distal embolization during manip-
ulations of the carotid bifurcation. Persistent systolic or diastolic antegrade blood flow occurs in a high proportion of
patients, lending credence to the use of additional protective strategies to ameliorate the risk of embolic complications.
(J Vasc Surg 2001;34:577-80.)
clinically remains uncertain.4 For this reason, we measured
pressure and flow characteristics within the internal and
external carotid arteries with CCA occlusion at the time of
carotid endarterectomy.
METHODS
During a 10-month period ending in January 2001,
29 patients undergoing open surgical carotid procedures
were studied. After exposure of the carotid bifurcation and
adequate heparin anticoagulation, the internal, external,
and common carotid vessels were surrounded with vessel
loops. A 23-gauge butterfly needle was placed in the CCA
proximal to the bifurcation after the ICA was clamped to
prevent potential embolization from needle insertion.
Systolic, diastolic, and mean systemic arterial pressures
were recorded. Next, the common carotid inflow was
clamped just proximal to the needle, and external carotid
stump pressures (systolic, diastolic, and mean) were
recorded. Finally, the ECA was occluded, the internal
carotid clamp was released, and the internal carotid stump
pressures (systolic, diastolic, and mean) were measured.
Duplex flow characteristics were measured with the
common carotid clamp in place and the internal and exter-
nal carotid clamps removed. The peak systolic and dia-
stolic velocities were measured in the ICA at the most
distal point accessible, beyond the stenosis and where the
walls assumed a parallel orientation beyond the bulb.
Duplex velocities were measured in the ECA at its origin,
proximal to the superior thyroid branch. Particular atten-
tion was paid to whether the flow was antegrade (positive)
or retrograde (negative).
Values are expressed as mean ± standard deviation,
unless otherwise specified. For purposes of data analysis,
two stump pressures were considered equivalent when
they differed by less than 5 mm Hg. Statistical analyses
were performed using the Student t test. Correlations
were performed with Pearson product moment correla-
tion. Significance was assumed when the two-tailed P
value was less than .05.
RESULTS
The nine female and 20 male patients ranged in age
from 49 to 82 years (median, 71 years). The presenting
symptoms were transient ischemic attacks in six patients
(21%) and stroke in two patients (7%), and 18 patients
were asymptomatic (62%). The procedure was performed
on the right side in 18 patients (62%) and the left side in
11 patients (38%).
As averaged over all patients in the study, the ICA sys-
tolic stump pressure was greater than the ECA systolic
stump pressure (64 ± 19 versus 56 ± 12 mm Hg, P = .05),
but there was no significant difference between the dia-
stolic ICA and ECA stump pressures (48 ± 15 versus 48 ±
12 mm Hg). In comparison with the radial artery systolic
pressure, the ICA-radial systolic pressure index was 0.49 ±
0.16, whereas the ECA-radial systolic pressure index was
0.42 ± 0.10 (P = .05). The ICA mean stump pressure
averaged 56 ± 16 mm Hg, ranging between 33 and 97
mm Hg. The ECA mean stump pressure averaged 53 ± 12
mm Hg, ranging between 31 and 90 mm Hg. The ICA
mean stump pressure was greater than the ECA mean
stump pressure in 20 patients (69%).
With common carotid occlusion, the flow in the ICA
was antegrade throughout the entire cardiac cycle in six
patients (21%) and was “to-and-fro” (retrograde systolic
and antegrade diastolic) in seven patients (24%). No
patient exhibited antegrade ICA flow during systole with
retrograde ICA flow during diastole. The ICA flow was
retrograde throughout the entire cardiac cycle in eight
patients (28%) and retrograde in systole but zero in dias-
tole in six patients (21%). Antegrade ICA blood flow was
always accompanied by retrograde ECA blood flow and
vice versa, both in systole and diastole. Overall, 13 of 29
patients (45%) could be surmised to be at risk for distal
embolization to the brain based on the persistence of
some element of either systolic or diastolic antegrade ICA
flow during common carotid occlusion.
The direction of ICA flow during common carotid
occlusion was associated with the magnitude of the ICA
versus ECA stump pressure differential (P < .001 during
systolic and diastolic conditions). ICA systolic flow was ret-
rograde in all 19 patients in whom the ICA systolic stump
pressure was greater than the ECA systolic stump pressure,
as well as in all four patients in whom the ICA and ECA
systolic stump pressures were equivalent (Table I). By con-
trast, ICA systolic flow was antegrade in six patients with
ICA systolic stump pressure lower than ECA systolic stump
pressure. In diastole, ICA blood flow was retrograde in 6
of 10 patients (60%), with higher ICA diastolic stump pres-
sure, and was zero in four patients (40%) who manifested
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Table I. Relationship between internal carotid to external carotid stump pressure gradient and duplex blood flow
during systole
Systolic stump pressure gradient
Systolic duplex ICA blood flow ICA > ECA (19 pts, 66%) ICA < ECA (6 pts, 21%) ICA ≅ ECA* (4 pts, 14%)
Antegrade (6 pts, 21%) 0 6 (100%) 0
Retrograde (23 pts, 79%) 19 (100%) 0 4 (100%)
Zero (0 pts) 0 0 0
*ICA pressure within 5 mm Hg of ECA pressure.
pts, Patients.
complete arrest of duplex flow on CCA occlusion (Table
II). None of these 10 patients with higher ICA diastolic
stump pressures manifested antegrade ICA flow during
diastole. Diastolic ICA blood flow was antegrade in all nine
patients with higher ECA stump pressures. The remaining
10 patients without a significant ICA/ECA diastolic stump
pressure difference were almost equally divided between
three patients (30%) with persistent antegrade ICA flow,
three patients with reversal of ICA flow, and four patients
(40%) with complete arrest of blood flow.
DISCUSSION
Unlike open carotid endarterectomy, carotid stenting
can be performed in the setting of flowing blood. A desir-
able characteristic at the outset, this feature has the poten-
tial to increase the rate of embolic complications
associated with stenting.3 Particles liberated from the
plaque can travel to the intracranial cerebrovasculature
and cause transient or permanent neurologic events. This
premise has been proved in experimental models of
carotid stenting, where significant embolization was
detected in virtually every plaque that was stented.5
Shortly after the introduction of carotid angioplasty,
attempts were made to construct devices designed to catch
these liberated particles, and a broad spectrum of devices
has been developed to decrease the risk of distal emboliza-
tion.4,5,8,9 Although some of these devices comprise fil-
ters, others represent proximal occlusion devices that rely
on retrograde ICA flow to achieve adequate protection.
So, too, some surgeons clamp the CCA before the inter-
nal carotid vessel, assuming that this maneuver will imme-
diately arrest cranially directed blood flow and protect the
patient from embolization.
The present observations confirm the presence of
antegrade ICA flow during common carotid occlusion in
almost one half of the patients. These patients would be at
risk for cerebral embolization during carotid artery stent-
ing, and it is likely that about one half of these or one
fourth of all patients are at highest risk on the basis of con-
tinuous antegrade flow during systole and diastole. These
findings have implications in patients undergoing open
carotid endarterectomy as well. Continued antegrade
internal carotid flow is a frequent occurrence with applica-
tion of a common carotid clamp alone, verifying the gen-
eral caveat that distal clamping before proximal
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manipulation is as important at the carotid bifurcation as
it is in other anatomic locations.
The close association between the ICA and ECA
stump pressures and the direction of ICA flow is not sur-
prising. Stump pressures are correlated with the adequacy
of collateral flow, as demonstrated in studies that quanti-
fied the anatomic quantity of collaterals as well as the
presence or absence of electroencephalographic
changes.10,11 When larger or more numerous collateral
pathways exist between the systemic arterial circulation
and the ECA as compared with the ICA, the ECA stump
pressure would be greater than the ICA stump pressure
and flow would be antegrade during common carotid
occlusion. The explanation for the lower frequency of ret-
rograde ICA flow during diastole can be speculated to
result from an imbalance between the outflow resistances
of the intracranial versus the extracranial arterial beds.
Without forceful ejection of blood during systole, the vas-
cular bed of the brain acts like a “sink,” providing a low-
resistance outflow basin for the arterial blood to exit into.
Extending these hypotheses, contralateral carotid high-
grade stenosis or occlusion is associated with a lower ipsi-
lateral ICA stump pressure; thus, one might expect a
higher risk of antegrade flow and cerebral embolization
during temporary CCA occlusion.
These data suggest that common carotid occlusion
alone is an inadequate protective method for the preven-
tion of distal embolization. Our duplex findings confirm
the observations of Ohki and colleagues,4 who used an
animal model as well as stump pressure measurements in
a limited number of patients undergoing carotid
endarterectomy. Their technique of creating a venous
outflow pathway to compete with the low-resistance
cerebral bed of the ICA is an innovative means of pre-
venting antegrade systolic or diastolic ICA flow. This
logic follows directly from the observation that the out-
flow site with the lowest pressure will act as a sink for
blood flow and provide outflow for the other vessels; the
very low pressure, low-resistance venous outflow path-
way is likely to result in retrograde ICA and ECA flow in
virtually every patient. Whether retrograde “stealing” of
blood from the cerebrum will be tolerated in awake
patients remains to be determined; certainly, the fre-
quency of mental status changes will exceed that seen
with simple ICA cross-clamping during carotid
Table II. Relationship between internal carotid to external carotid stump pressure gradient and duplex blood flow
during diastole
Diastolic stump pressure gradient
Diastolic duplex ICA blood flow ICA > ECA (10 pts, 35%) ICA < ECA (9 pts, 31%) ICA ≅ ECA* (10 pts, 35%)
Antegrade (12 pts, 41%) 0 9 (100%) 3 (30%)
Retrograde (9 pts, 31%) 6 (60%) 0 3 (30%)
Zero (8 pts, 28%) 4 (40%) 0 4 (40%)
*ICA pressure within 5 mm Hg of ECA pressure.
pts, Patients.
endarterectomy performed under regional anesthesia.12
Nevertheless, the use of a proximal occlusion catheter
with venous outflow can be limited to the period in
which alternative protection devices are threaded across
the carotid lesion; thereafter, the filtering devices can be
relied upon to prevent embolization during subsequent
plaque manipulation. Only through the use of such well
thought out and innovative strategies based on sound
theoretical and experimental data can the rate of distal
embolization during carotid angioplasty and stenting be
reduced to negligible levels.
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CORRECTION
The authors inadvertently omitted the names of two coauthors in “The effects of extremely low shear stress
on cellular proliferation and neointimal thickening in the failing bypass graft” (J Vasc Surg 2001;34:90-7). The
author names should read as follows: Shari L. Meyerson, MD, Christopher L. Skelly, MD, Michael A. Curi, MD,
MPH, Umar M. Shakur, BS, James E. Vosicky, Seymour Glagov, MD, Lewis B. Schwartz, MD, Thomas
Christen, MD, and Giulio Gabbiani, MD. Drs Christen and Gabbiani are both from the Department of
Pathology, University of Geneva-CMU, Geneva, Switzerland.
